Results of characterization of AlGaN/GaN high electron mobility transistor (HEMT) structures grown by plasma-assisted molecular beam epitaxy (PAMBE) are reported. High resolution X-ray diraction (HRXRD) and X-ray reectivity (XRR) were applied to show that structural properties of the AlGaN/GaN layers strongly depend on the substrate used for growth. It has been found that an additional 10 µm thick HVPE GaN layer grown on a commercial GaN/sapphire substrate signicantly improves structural quality of AlGaN layer. However, the best structural parameters have been obtained for the HEMT sample grown on free-standing HVPE bulk GaN substrate.
Introduction
AlGaN/GaN high electron mobility transistors (HEMT) are promising devices for high frequency and high power electronic devices. Since bulk GaN substrates are not readily available on an industrial scale, they are usually grown on alternative substrates like sapphire or silicon. In that case, however, a lattice mismatch with the substrate leads to large strain and its relaxation via defect formation in the layers, which in turn aects the properties of devices. In particular, it is well known that mobility of two-dimensional electron gas (2DEG) may be seriously limited by dislocations, interface roughness or deformation potential [1] .
In this work the inuence of substrate structure on the crystallographic quality of AlGaN/GaN HEMT grown by plasma-assisted molecular beam epitaxy (PAMBE) has been examined. Commercially available GaN/sapphire substrates, as received and regrown by additional 10 µm thick HVPE GaN, as well as free-standing HVPE bulk GaN substrates were used for the growth. High resolution X-ray diraction (HRXRD) and X-ray reectivity (XRR) were applied to measure basic structural properties of HEMTs as lattice parameters, strain distribution in the samples, thicknesses of the layers and roughness of their interfaces. We have found that regrowth of commercial GaN/sapphire substrates with 10 µm thick HVPE GaN layer signicantly improves the structural quality of AlGaN layer. However, the best structural parameters have been obtained for the HEMT samples grown on HVPE bulk GaN substrate.
Experiment
AlGaN/GaN HEMTs were grown using PAMBE technique in Riber Compact 21 system with elemental sources * corresponding author; e-mail: wierzbicka@ifpan.edu.pl of Al, Ga, In, Si and Mg. Active nitrogen was supplied from an Addon RF plasma source. Figure 1 schematically shows cross-sections of HEMT structures studied in this work. All of them contain undoped GaN buer, 20 nm thick AlGaN layer with composition of ∼ 20% Al and 3 nm thick GaN cap. However, the samples dier in the substrates used. Samples 1 and 2 were grown on commercially available 3 µm thick GaN:Fe/sapphire substrates grown by metalorganic vapor phase epitaxy (see Fig. 1ab ). In the Sample 2 an additional 10 µm thick GaN layer was deposited by hydride vapor phase epitaxy (HVPE) on the template. The third sample (Fig. 1c) was grown on a free-standing bulk GaN substrate grown by HVPE. Structural properties of the layers were analyzed by HRXRD and XRR techniques. High resolution X-ray measurements were performed by Panalytical X'Pert Pro MRD diractometer equipped with hybrid two-bounce Ge (220) monochromator and triple bounce Ge (220) an- (899) alyzer in front of the detector. For each sample GaN 0002 symmetric reection in ω and 2θ/ω mode was measured. It allows to measure values of lattice parameters c and lattice deformations in (0001) direction. Next GaN 1124 asymmetric reection in ω and 2θ/ω mode was studied to get the lattice parameters a and in-plane distortion. Biaxial in-plane stress that exists in hexagonal GaN lm on sapphire substrate was taken into account in the analysis. The composition of the AlGaN layer was obtained by Vegard's law (VL). X-ray diraction 2θ/ω proles were simulated by commercial Panalytical software based on the TakagiTaupin theory [24] . It is important to mention that in order to eliminate inuence of sample bowing on the FWHM values of diraction curves the following recipe was used: each diraction curve was measured for a series of widths of incident X-ray beam. Then, the dependence of FWHM versus the width of the beam was plotted and tted with the linear function. The values of FWHM reported in this work are those obtained under the "zero width" X-ray beam conditions. X-ray reectivity measurements were applied to determine the thicknesses of the individual layers and the root-mean square (RMS) roughness of their interfaces and of the upper surface. XRR is proved to be eective to estimate structural features in heteroepitaxial layers [5] . In this work X-ray reectivity measurements were performed with the use of Panalytical X'Pert Pro MRD diractometer, a Parallel Plate Collimator with 0.4 rad Soller slits and 0.18 deg divergence slit was applied in front of detector. The advantage of this geometry is that it can be used at grazing incidence to enhance the scattering from thin lms. The parallel-plate collimator enables an angular selection of the expanded beam caused by the low angle of incidence beam on the sample. Xray reectivity curves were simulated using commercial Panalytical software based on Parratt theory [6] . Finally, the surface morphology of the samples was analyzed by atomic force microscopy (AFM) and compared with values obtained by means of the XRR technique. 3 . Results and discussion Figure 2 shows 2θ/ω X-ray diraction curves of the HEMT structures (blue lines) measured in triple axis geometry (with an analyzer). The symmetrical 0002 CuK α1 reection was measured. The scans contain the main peak from GaN layers that are present in the sample. Their angular position is similar for the Sample 1 and 2, whereas for the Sample 3 it is shifted by 0.039
• . Due to the penetration of the crystal by the incident X-ray beam, estimated for this reection to be ∼ 15 µm, diraction peak shows the information from the sample that is averaged over some depth. Therefore, the values of c lattice parameters of the GaN layer are similar for Samples 1 and 2, but are dierent from the value obtained for the Sample 3. Diraction curves also contain the AlGaN peaks, the intensity of which is signicantly reduced due to the smaller thickness of that layer. From these data the calculations of lattice parameters c were made. Moreover, the performed simulations of the diraction data (red curves in Fig. 2 ) allowed the determination of thicknesses of the individual GaN and AlGaN layers as well as the composition of ternary layers. All these results are collected in Table I . As seen, the Al content in AlGaN layer is equal to 18% for Sample 1 and 21% for Samples 2 and 3, while the thickness of AlGaN is equal to ∼ 20 nm. These results are close to the designed values. In order to determine the deformation of the AlGaN lattice in the layers deposited on dierent GaN substrates the lattice parameter a was measured. Figure  3 shows reciprocal space maps of the 1124 reection of a Al x Ga 1−x N/GaN HEMTs structures. As seen the broadest diracted signal for the GaN layers is observed for Sample 1 (Fig. 3a) and the narrowest for sample 3. It is obvious that the homoepitaxial layer, i.e. the sample 3 grown on bulk GaN substrate, have the smallest full width at half maximum (FWHM = 0.024
• ), which indicates the best structural quality. For Samples 1 and 2 the FWHM are equal to 0.056
• and 0.043 • , respectively. It is worth noting, that in Sample 2 an additional 10 µm thick GaN HVPE layer signicantly improves the quality of GaN structure in comparison to sample 1. Similar behavior is observed for the AlGaN layers in HEMT structures. Values of FWHM for asymmetrical 1124 reection are equal to 0.138
• , 0.068 • and 0.030
• for the rst, second and third sample, respectively. This indicates signicant improvement of overall structural quality of HEMTs when thickness of GaN substrate increases.
Reciprocal space maps of the 1124 reection (Fig. 3) shows that for all samples the reciprocal lattice point corresponding to AlGaN barrier is located just above the GaN diracted signal. It indicates pseudomorphic growth of AlGaN. Moreover, the values of lattice parameters a were determined from these maps (see Table I ). Finally, the c/a ratio was calculated. As it is known, the theoretical value of c/a ratio for the wurzite structures is equal to 1.633 and only structures with c/a ≤ 1.633 are stable [7] . For the HEMT structures studied in this work the values of c/a ratio equal to 1.6256, 1.6257 and 1.6258 for GaN and 1.6219, 1.6211 and 1.6214 (±0.0002) for the AlGaN barriers for the rst, second and third sample, respectively. These values are very close to that reported for GaN bulk crystals [8, 9] . Figures 4ac show results of analysis of three HEMT samples by means of the X-ray reectivity technique. Oscillations on the reectivity curves, which are due to the AlGaN/GaN interfaces and commonly known as Kiessig fringes [8] , are clearly visible in these proles. Their presence indicates smooth surfaces and allows to determine the thicknesses of the layers. The values of critical angles for all samples studied are the same, which indicates the same mass densities, i.e. similar Al content, in the studied samples. Experimental curves were simulated using commercial Panalytical software, in which the tting parameters were the thickness and mass densities of the layers as well as the roughness of their surfaces. Results of XRR simulations are collected in Table II . As seen, in all samples the thicknesses of GaN cap and AlGaN agree well with those measured by HRXRD and are very close to values designed by the growers. It is worth noting that in all the samples the roughness of the AlGaN/GaN interface is quite small. This is of prime importance for HEMT structures since the channel with high mobility two-dimensional electron gas is located just at this interface. Also the upper surfaces of the structures are very smooth. The RMS values from XRR simulations are equal to 6 Å, 4 Å and 1 Å for the rst, second and third sample, respectively. These values are slightly different than those obtained by AFM (12 Å, 9 Å and 8 Å, respectively), which might be caused by dierent areas probed by the two techniques, but improvement of surface quality from Sample 1 to Sample 3 is preserved. Inuence of substrate structure on crystallographic quality of AlGaN/GaN HEMTs grown by PAMBE has been examined. HRXRD technique was used to prove the pseudomorphic growth of the AlGaN layers and to measure their composition, lattice parameters and strain distribution in the samples. We have found that an additional 10 µm thick HVPE GaN layer grown on the commercial GaN/sapphire substrates signicantly improves the structural quality of AlGaN layer. However, the best structural parameters have been obtained for the HEMT sample grown on a HVPE bulk GaN substrate.
The X-ray reectivity was also used to measure thicknesses of layers and to evaluate roughness of their interfaces. In particular, thicknesses of GaN cap and AlGaN obtained from XRR simulations agree well with those measured by HRXRD and are very close to values designed by the growers. High quality of the AlGaN/GaN interfaces, especially in the sample grown on bulk GaN substrate, is found. XRR shows also decrease of GaN cap surface roughness when the GaN/sapphire substrate is regrown by HVPE. Even better surface quality is found in HEMT structures grown on bulk GaN substrate. These results agree with roughness data obtained by AFM on the same samples.
